Abstract: Nature-inspired micro-and nano-structures offer a unique platform for the development of novel synergetic systems combining photonic and microfluidic functionalities. In this context, we examine the paradigm of butterfly Vanessa cardui and develop artificial diffractive microstructures inspired by its natural designs. Softlithographic and nanoimprint protocols are developed to replicate surfaces of natural specimens. Further to their optical behavior, interphases tailored by such microstructures exhibit enhanced hydrophobic properties, as compared to their planar counterparts made of the same materials. Such synergies exploited by new design approaches pave the way to prospective optofluidic, lab-on-chip and sensing applications.
Introduction
Bionics, termed after by J.E. Steele in the late '50s to define an emerging interdisciplinary field linking biology and technological development, is now extending to areas beyond bio-medical applications [1] . Of particular interest in this work, natural photonic structures [2] and microfluidic surfaces [3] are rapidly developing multidisciplinary areas, covering lab-on-chip, sensing and energy harvesting technologies [4] . Even though studies on natural structures date back to the 17 th century, considerable attention is paid since the late 40's and more recently, owing to the deployment of new high-resolution microscopy tools. Research is now boosted [5] by new processing methods enabling the fabrication of replicas and artificial micro-and nano-structures [6] inspired by nature. Prime examples concern structural coloration [7] , produced by dye-less photonic structures found in butterfly wings [8] [9] [10] , iridescence and polarization effects in beetles [11, 12] , flowers [13] , hybrid organic-inorganic diatoms and shellfish [14] and inorganic mineral opals [15] . Particular attention has attracted so far the structural coloration [16] of wings of the Morphinae [17] and Papilio [18] butterfly families. Wing scales are made of chitin and comprise complex 3-dimensional architectures, embracing hierarchical ensembles of multilayer lamellae, selectively reflecting light by interference effects, in addition to being periodically structured and thus providing further diffractive dispersion. This combination yields full photonic-band-gap behavior, which is responsible for their unique optical responses, such as the brilliant cyan coloration of Morpho butterfly wings, or the extremely high optical absorption in the honeycomb architectures of moths. Multilayer lamellae are also responsible for the iridescent coloration of beetles and their complex optical polarization effects [19, 20] .
In microfluidics, structuring of solid interfaces affect the interaction between surface and liquids and alter their properties [21] . Superhydrophobic surfaces with antireflection properties for solar energy applications have thus been demonstrated [22] . In this context, microstructured butterfly wing scales having super-hydrophobic responses underline such synergy with photonic functions, thus offering the multi-functionality concepts of our concern in this work. Novel devices sought here involve the simultaneous guiding and manipulation of fluids and light aiming to advanced interactions between light and matter in the liquid environment.
A variety of methods for fabricating bio-mimetic structures are under development and include replication [23] of natural structures via templating and modern deposition and nanofabrication methods [24] . However, the standard nanoimprint processing and the materials used present problems, owing to the sensitivity of the natural specimens, and new advanced nanofabrication methods are required to cope with the complexity of natural designs.
In the above context, this work extends on our laser processing methodologies [25] in conjunction with synergetic laser-nanoimprint microfabrication approaches [26] to address bio-inspired architectures in the frame of photonic and microfluidic synergies. Aiming to a multifunctional environment and new concepts for interacting light and fluids, we investigate here artificial structures inspired by the butterfly Vanessa cardui.
Experimental procedures and materials
Vanessa cardui (Linnaeus 1758), a colorful butterfly socalled "the painted lady", is one of the most common species worldwide and belongs to the Nymphalidae family of Lepidoptera. They are found widespread in the Mediterranean, it migrates to Northern Europe in spring and summer. Its wings spun typically to ∼50-60 mm and have a characteristic pale orange color, with white and black areas in complex motifs, especially decorating its ventral side. Structural characterization of the natural specimens under study was performed by optical microscopy and Scanning Electron Microscopy (SEM), employing a ZEIS EVOMA10 system. Further UV-VIS-NIR spectroscopic analysis was applied for wing color characterization. Inspired by our analytical finds, single one-directional grating and moiré two-and three-directional patterns have been fabricated, using standard soft-lithography and nanoimprint processes. Electron-beam lithographed silicon masters and hard replicas were used. In addition, laser-etched polymer grating masters have been produced and used in our approaches described elsewhere [25, 26] . The fabrication involves controlled application of pressure in the range of 10 4 Pa and timed curing protocols, by exposing cumulatively the resins to ∼500 mJ/cm 2 of UV radiation at λ = 365 nm emitted by a Low-Pressure Hg-Lamp, the latter shaped appropriately to provide a uniform radiation pattern. Natural structures of butterfly specimens were replicated by applying soft lithography/nano-imprinting methods, especially modified to cope with the structural sensitivity of the natural templates. Figure 1 outlines schematically the processes. Fig. 1 (a) outlines the soft lithographic process, starting with the formation of the soft stamp from a hard master and proceeding to the replication on UV curable resins. Standard materials, such as polydimethylsiloxane (PDMS), ORMOCER ® , or other resins are not suitable for immediate use with sensitive natural specimens. Instead, dental wax having low melting point (Tm ∼ 50 ∘ C) was found compatible with the fragility of butterfly wings as presented in Fig. 1(b) . This natural material contains higher alkenes and lipids and produces a low viscosity melt at low temperatures. The wax was placed in a mold built on a glass substrate and heated in oven at ∼60 ∘ C for 10 min to produce a thick eutectic layer. After removing from heat, the butterfly wing assumed the role of a microstructured-template and it was placed on top of the molten layer and allowed to set for ∼10 min. Subsequently, the system was slowly cooled down to room temperature and solidified. The wax replica carrying the microstructure negative pattern was detached carefully and delivered for fabrication of a positive master mold for subsequent replication. Owing to the fragility of the microstructured wax, an intermediate step is envisaged using UV curable photopolymer resin, capable for replication in PDMS to form new soft stamps for further processing. We note here that PDMS was degassed in vacuum for 20 min to remove air bubbles, and cured at room temperature only. Light diffraction was studied by using an optical configuration incorporating a 5 mW HeNe laser at λ = 633 nm with suitable optics to relay and record the diffraction patterns. A Perkin Elmer UV-VIS Lambda 35 spectrophotometer equipped with an integration sphere was used. Diffuse reflectance was recorded against the spectrally flat diffuse background of Spectralon ® tile reference standard, with 2nm wavelength resolution over the 200-1100 nm spectral range. Hydrophobicity was studied by contact angle measurement using an especially configured in-house op-tical microscope using a side-viewing platform. Experimentally, microdroplets of 1 µL volume were dispensed on the test surface by a high precision syringe. The microdroplet was allowed to set on the surface under test and photographed at ∼19× magnification. A graphics/image processing software was used in conjunction with the images to estimate the contact angle with ±1 deg accuracy. We note that special care for horizontal positioning applied for testing the non-planar surfaces. Figure 2 (a) is a view of the utilized specimen of butterfly Vanessa cardui dorsal side. In Fig. 2 the wing physical structure is presented by the SEM images at different magnifications where (b) is far overview, (c) is the periodic wing-scale assembly and (d) is the microstructure of a wing-scale. The wing scales with dimensions of the order of 100 µm are attached to the body to form quite a periodic order. In the micrograph of wing-scale microstructure presented in Fig. 2(d) we observe a network of parallel "horizontal" beams, ∼200 nm thick, periodically distributed with an average period of ∼1.8 µm, joined and reinforced by a plurality of parallel "vertical" crossed columns ∼100 nm thick, periodically spaced at ∼650 nm on average. Overall, this is a net of chitin in void space. The wing cross-bar micropattern is responsible for light diffraction effects presented in Fig. 3(a) . Two perpendicular fringe systems are observed. The "horizontal" system having a diffuse first order diffraction lobe centered at ∼20 deg produced by the pattern of period locally ranging from ∼1.2 µm to ∼2.0 µm. A faint second order lobe (not shown) was also observed. In the perpendicular direction, there is no observable diffraction at large angle, owing to the period of the structure ranging from ∼600 nm to ∼660 nm. Instead, a vertical fringe system (shown in the inset) produced by the ordered wing scale pattern at a period of ∼100 µm was observed at small scattering angles of ∼7 mrad for the first order and multiples for the higher orders. Coloration of butterfly wing in the orange area is depicted in Figure 3(b) by recording the diffuse reflectance. Coloration may be attributed to combined chromophore absorption and diffraction effects. In addition, the microfluidic properties of the Vanessa cardui wing were also investigated experimentally as shown in Fig. 3(c) , by measuring the contact angle of pure water droplets, it was found at ∼108 deg demonstrating its super-hydrophobic nature. 
Results and Discussion

Vanessa cardui microstructure
Mimetic fabrication and replication of microstructures
A range of moiré grating microstructures have been produced to mimic the wing of Vanessa cardui. Nanoimprinting methods were applied employing master patterns in silicon and PMMA at spatial periods Λ 1 = 1 µm and Λ 2 = 0.5 µm respectively. Examples of 2-and 3-directional moiré patterns are shown in Fig. 4 , produced by sequential superposition of 1-directional patterns under controlled conditions. Materials used in this process include PDMS and UV curable resins.
As an example the moiré of Fig. 4(a) is produced by superimposing two identical periodic masters A(r) and B(r) having Λ = 1 µm period and perpendicular wavevectors K1 and K2 respectively. In practice a single master is used to imprint sequentially. The result may be mathematically described by equation (1) as:
with its diagonal, mixed-terms, producing scattering as shown in Fig. 4(c) . In a similar fashion in Fig. 4(b) a more complex 3-directional pattern of master period Λ = 0.5 µm produces a fringe system presented in Fig. 4(d) .
The physical structure of the wings of butterfly Vanessa cardui was also directly replicated using modified soft-lithographic procedures as previously outlined. Fig. 5 presents scanning electron micrographs of replicas of exemplar areas of the wing. In Fig. 5(a) the periodic wing scale system is reproduced with good fidelity. A close up view reveals the microstructure of the wing in Fig. 5(b) , with the negative replica of the natural structures shown. We reiterate that the natural wing is a 3-dimensional periodic net in void space. The parallel chitin beams spaced at ∼1.2-1.8 µm are reconstructed quite well, though the crossbar infrastructure spaced periodically at ∼600 nm is partially retrieved owing to the superficial contact and planar nature of the reproduction. Even though, reproduction is faithful in certain areas in the 100s' nm scale. The natural sensitivity of the flexible structure and the properties of the materials used, affect significantly the reproduction fidelity in the microscale. Due to the opacity of the objects, the diffraction properties of the replicas could not be elaborated in full and further optimization is under way.
The hydrophobicity of the artificially produced structures was also investigated. In Fig. 6 a comparative study of the hydrophobic behavior of materials used and microstructures fabricated is presented based on pure water contact angle measurements. Table 1 summarizes the findings in reference to images of Fig. 6. Fig. 6 .i(a) presents . We note that low order and diagonal mixed terms observed. Photographs were intentionally recorded at relatively close distance and oblique angles to include most of the fringe systems and, therefore, the observed image deformation is an artifact. the properties of PDMS with planar surface having a contact angle of ∼64 deg, while the periodically structured at Λ = 1 µm of Fig. 6 .i(b) exhibits ∼25 deg increase of contact angle demonstrating a considerable improvement of hydrophobicity. Fig. 6 .ii(b) presents the behavior of a 3-directional moiré structured resin. The planar surface of Fig. 6 .ii(a) has its contact angle at 52 deg increasing to 68 deg for the tailored material. In the example of Fig. 6 .iii(b) the real dental-wax replica of the wing microstructure is investigated. The respective planar wax sur- UV CURABLE RESIN 3-Directionaly Structured Surface at 0.5 µm period (Fig. 4(b) ) 68°i ii(a) WAX Planar 71°i ii(b) WAX Tailored Replica of Vanessa Cardui Butterfly Wing (Fig. 5(b) ) 95°F igure 6: Comparative hydrophobic behavior of (a) planar, and (b) microstructured surfaces made of (i) PDMS (ii) UV curable resin and (iii) planar wax surface, as detailed in Table 1 . In all cases, the hydrophobic properties of each material are enhanced via surface microstructuring, producing the observed considerable increase in contact angle. Contact angle estimation at ±1 deg accuracy. Indicative scale bar 500 µm.
face shown in Fig. 6 .iii(a) exhibits a ∼71 deg contact angle.
A definite increase in contact angle by ∼24 deg to reach the superhydrophobic state at ∼95 deg is evident for the surface embodying the Vanessa cardui butterfly wing microstructure. The above examples demonstrate the clear potential to improve the hydrophobic character of the surfaces by microstructuring the planar material, while simultaneously providing photonic functions.
Conclusions
The synergy of photonic and microfluidic functionalities presents a unique potential in the field of optofluidics. In our approach, we investigated the example of the widespread butterfly species, Vanessa cardui, and produced biomimetic structures and physical replicas having simultaneously diffractive and enhanced hydrophobic properties. A plurality of materials can be tailored by bioinspired structures using combined soft-lithography and laser-based techniques, both representing rather generic and flexible fabrication alternatives, beyond the standard microfabrication technologies and their materials related constraints. This technology enables the use and suitable tailoring of alternative polymeric and glass materials to form complex devices incorporating complex micro/nanostructures. The latter will be capable to create a new liquid environment where the simultaneous manipulation of light and fluids will enhance light-matter interactions and will yield novel functions and applications. Nature offers an unlimited rich world for drawing novel concepts and emerging bioinspired optofluidic technologies, gaining the most from multifunctional synergies in the micro-and nano-scale.
